α1 subunit. Second, detailed mapping leads to the identification of a 20 amino acid peptide (NaKtide) that inhibits Src (IC 50 =70 nM) in an ATP concentration-independent manner. Moreover, NaKtide does not directly affect ERK and PKC family of kinases. It inhibits Lyn with a much lower potency (IC 50 =2.5 μM). Third, highly positively charged leader peptide conjugates including HIV-TatNaKtide (pNaKtide) readily enter cultured cells. Finally, the following functional studies of pNaKtide demonstrate that this conjugate can specifically target the Na/K-ATPaseinteracting pool of Src and act as a potent ouabain antagonist in cultured cells. 1. pNaKtide, unlike PP2, resides in the membranes. Consistently, it affects the basal Src activity much less than that of PP2. 2. pNaKtide is effective in disrupting the formation of the Na/K-ATPase/Src receptor complex in a dose-dependent manner. Consequently, it blocks ouabain-induced activation of Src, ERK and hypertrophic growth in cardiac myocytes. 3. Unlike PP2, pNaKtide does not affect IGF-induced ERK activation in cardiac myocytes. Taken together, we suggest that pNaKtide may be used as a novel antagonist of ouabain for probing the physiological and pathological significance of the newly appreciated signaling function of Na/K-ATPase and cardiotonic steroids.
The Na/K-ATPase is expressed in most eukaryotic cells and is essential for maintaining the trans-membrane ion gradient by pumping Na + out of and K + into cells (1) . Structurally, the enzyme consists of two non-covalently linked α and β subunits. Similar to other P-ATPases, the Na/K-ATPase α subunit has 10 transmembrane domains with both the N-and C-termini located in the cytoplasm (2, 3) . Based on the published crystal structures of Na/K-ATPase (4), the α subunit consists of several well-characterized domains. The actuator (A) 3 domain consists of the N-terminus and the second cytosolic domain (CD2) connected to transmembrane helices M2 and M3, and the highly conserved discontinuous phosphorylation (P) domain is close to the plasma membrane, and the nucleotide-binding (N) domain is relatively isolated (2) . There is a significant amount of movement of both the A and N domains during the ion pumping cycle as in the SR Ca 2+ -ATPase (4-6). It appears that the A domain rotates while the N domain closes during the transport cycle. Interestingly, these domains have also been implicated in interacting with many protein partners, including inositol 1,4,5-trisphosphate receptors, phosphoinositide 3-kinase, phospholipase C-γ (PLC-γ), ankyrin, and cofilin (7) (8) (9) (10) (11) (12) .
Src, a member of Src family non-receptor kinases, plays an important role in the signal transduction pathways of many extracellular stimuli such as cytokines, growth factors and stress responses (13) and has been considered as a promising target for therapeutic intervention in certain cancers (14) and bone diseases (15) . Several endogenous inhibitors of Src have been 2 documented previously, including the c-terminal Src kinase, CSK-homologous kinase, WiscottAldrich syndrome protein, RACK1 and caveolin (16) (17) (18) (19) .
Previously, we and others have demonstrated that binding of cardiotonic steroids (CTS) such as ouabain to the Na/K-ATPase stimulates multiple protein kinase cascades (20) . Moreover, the knockout of Src prevents these cascades from being activated (10, 21, 22) . More recently, we have observed that the Na/KATPase interacts directly with Src via at least two binding motifs. One of these interactions is between the CD2 of the α1 subunit and the Src SH2, and the other involves the third cytosolic domain (CD3) of the α1 subunit and the Src kinase domain. We propose that the formation of the Na/K-ATPase/Src complex serves as a receptor for ouabain to stimulate the aforementioned protein kinase cascades. Specifically, the CD3-Src kinase interaction maintains Src in an inactive form whereas the binding of ouabain to the Na/K-ATPase disrupts this interaction, resulting in the assembly and activation of different pathways including ERK cascades, PLC/PKC pathway and mitochondrial production of reactive oxygen species (23) . Thus, the Na/K-ATPase functions as an endogenous negative Src regulator. This proposition is consistent with the fact that the basal Src activity is inversely correlated to the amount of Na/K-ATPase α1 subunit in both cultured cells (24) and in α1 heterozygous mouse tissues (25) . Therefore, to better understand how the molecular interactions between the Na/K-ATPase and Src regulate Src activity, we have further mapped the Src binding domains in the CD3 of α1. These studies led to the identification of a peptide Src inhibitor (pNaKtide) and the demonstration that pNaKtide can act as a novel ouabain antagonist capable of inhibiting ouabain-induced activation of protein kinase cascades and hypertrophic growth in cardiac myocytes.
Experimental Procedures
Materials. PP2, a Src kinase inhibitor, and staurosporine, a non-specific PKC inhibitor, were obtained from Calbiochem (San Diego, CA). The following antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA): monoclonal anti-Src antibody (B12), polyclonal anti-ERK1/2 antibody, monoclonal anti-phosphor-ERK1/2 antibody, goat anti-rabbit and goat anti-mouse secondary antibodies. The monoclonal anti-His antibody was from GE healthcare (Buckinghamshire, England). The monoclonal anti-α1 antibody (α6F) was obtained from the Developmental Studies Hybridoma Bank at the University of Iowa (Iowa City, IA). Glutathione beads were from Amersham Bioscience (Uppsala, Sweden) and ProBond Purification System was from Invitrogen (Carlsbad, CA). Recombinant human Src, Lyn, and IGF-1 were obtained from Upstate Biotechnology (Lake Placid, NY). The CMV promoter-driven pEYFP-C1 was purchased from Clontech (Palo Alto, CA). The pGEX-4T-1 and pTrc-His A vectors were from GE Healthcare (Uppsala, Sweden) and Invitrogen (Carlsbad, CA), respectively. All the peptides were synthesized with the purity above 95%. Identity and purity were confirmed by high-performance liquid chromatography-mass spectroscopy. Plasmid Constructs. The preparation of plasmid constructs expressing GST fusion proteins were prepared as previously described (23) . GST-CD3 (amino acid residue 350-785), GST-ND (amino acid residue 379-594), GST-ND2 (amino acid residue 379-475), GST-ND2R (amino acid residue 476-594), GST-ND1 (amino acid residue 379-435) and GST-ND1R (amino acid residue 436-594) expression vectors were constructed based on the sequence of pig kidney Na/K-ATPase α1 subunit (See Fig. 1A ). Histagged c-Src constructs were generated by excising the corresponding c-Src cDNA from the GST-Src vector (26) and then inserting them into pTrc-His A vector. Src-ECFP expression vector for FRET analysis was constructed by cloning the full-length c-Src in frame into pECFP-N1 vector. pEYFP-ND1, pEYFP-ND and pEYFP-CD3 were made by directional subcloning of the corresponding cDNAs from the pEYFP-rat α1 vector. All constructs were verified by DNA sequencing. Cell preparation, culture and transient transfections. Pig kidney proximal LLC-PK1, and mouse fibroblast SYF and SYF + Src cells were obtained from American Type Culture Collection (Manassas, VA). TCN23-19 cells were generated from LLC-PK1 cells as described (24) . Cells were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and penicillin (100 U/ml)/streptomycin (100 µg/ml). LLC-PK1 and TCN23-19 cells were serum-starved for 24 h, whereas SYF and SYF + Src cells were cultured in the medium containing 0.5% FBS for 24 h and used for the experiments. Transient transfections were performed using LipofectAMINE 2000 (Invitrogen) according to the manufacturer's instructions. Experiments were performed 24 h after transfection.
Primary cultures of neonatal rat cardiac myocytes were prepared as described previously with minor modifications (27) . Myocytes were dispersed from ventricles of 1-to 2-day-old Sprague-Dawley rats by digestion with 0.04% collagenase II (Worthington) and 0.05% pancreatin (Sigma) at 37°C. Noncardiomyocytes were eliminated by preplating for 1.5 h at 37°C. Myocytes were plated at a density of 8 x 10 2 cells/mm 2 in 100-mm Corning cell culture dishes in Dulbecco's modified Eagle's medium-M199 (4:1) containing 10% (vol/vol) fetal bovine serum (24 h, 37°C) and then incubated in serumfree medium for 48 h before experiments were carried out. All research on rats was done according to procedures and guidelines approved by the Institutional Animal Care and Use Committee. Preparation of Na/K-ATPase, GST-fused proteins, and His-tagged proteins. Na/K-ATPase was purified from pig kidney outer medulla using the Jorgensen method as previously described (27) and the preparations with specific activities between 1200 and 1400 µmol Pi/mg/h were used in this work. GST-fused proteins or His-tagged proteins were expressed in Escherichia coli BL21 (Invitrogen) and purified using glutathione beads or ProBond Purification System. Soluble GST-fused proteins were eluted from the glutathione beads with elution buffer [10 mM reduced glutathione, 0.1% Triton X-100, 50 mM Tris-HCl, (pH8.0)] and then dialyzed in the buffer containing 0.1% Triton X-100, 50 mM Tris-HCl (pH8.0) to remove remnant glutathione. In vitro GST pull-down assay. To map the interaction motifs in the CD3 of Na/K-ATPase, GST pull-down assay was performed as previously described (23) . Briefly, 5 µg GSTfused proteins were conjugated on glutathione beads and incubated with 100 ng purified HisSrc in 500 µl phosphate-buffer saline (PBS) in the presence of 0.5% Triton X-100 at room temperature for 30 min. The beads were washed with the same buffer four times. The bound HisSrc was resolved on 10% SDS-PAGE and detected by Western blot with anti-His antibody.
Immunoprecipitation and Immunoblot analysis.
Following the indicated treatment, cells were washed with ice-cold PBS, and then lysed in icecold RIPA buffer containing 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 1 mM NaF, 10 µg/ml aprotinin, 10 µg/ml leupeptin, and 50 mM Tris-HCl (pH 7.4). Cell lysates were cleared by centrifugation at 16,000 × g for 15 min. For immunoprecipitation analysis, the supernatants were incubated with a polyclonal anti-α1 antibody. Immunoprecipitates were then separated by SDS-PAGE and transferred to an Optitran membrane, and analyzed. The signal was detected using the enhanced chemiluminescence kit (Pierce) and quantified using a Bio-Rad GS-670 imaging densitometer as previously described (28) . To measure the activation of ERK1/2 and Src, blots were first probed with anti-phosphor-ERK1/2 or antipY418 antibodies, and then the same membrane was stripped and reprobed with anti ERK1/2 or Src for loading control. Kinase activity assay of Src, Lyn, and PKC. To determine whether the Na/K-ATPase constructs or peptides affect Src/Lyn kinase activity, the purified Src (4.5 U) or Lyn (20 ng) was incubated with different amount of the purified GST-fused Na/K-ATPase constructs or peptides in PBS for 30 min at 37°C. Afterward, 2 mM ATP/Mg 2+ was added. The reaction continued for 5 min at 37°C and was stopped by addition of SDS sample buffer. Afterward, the Src pY418 and Lyn pY396 were measured by anti-pY418 antibody to indicate Src/Lyn activation (26) .
Activity of PKC was measured by PepTag phosphorylation assay for non-radioactive detection of PKC (Promega) as described in the product instructions. Briefly, 40 ng PKC were incubated for 30 min at 30°C with the reaction mixture containing 5 μl reaction buffer, 5 μl PepTag C1 (0.4 μg/μl), 5 μl PKC activator solution, 1 μl peptide protection solution and 10 μM staurosporine or peptides. The reaction mixture was then subjected to electrophoresis on a 0.8% agarose gel at 100 V for 20 min. After electrophoresis, negatively-charged phosphorylated PepTagC1 peptide migrated toward the anode, while non-phosphorylated PepTagC1 peptide migrated toward cathode. Percentage of the phosphorylated PepTagC1 was an indicator of the PKC activity. Peptide loading in saponin-permeabilized LLC-PK1 cells. To deliver peptides into LLC-PK1 cells, saponin-based permeabilization procedure was adopted as reported previously (29) . When cells reached full confluence, media were removed and saved at 37°C. Cells were then slowly brought down in temperature by two sequential 2-min incubations of PBS. Cells were incubated with the permeabilization buffer (20 mmol/L HEPES, pH 7.4, 10 mmol/L EGTA, 140 mmol/L KCl, 50 µg/mL saponin, 5 mmol/L NaN 3 , and 5 mmol/L oxalic acid dipotassium salt) containing the desired peptides for 10 minutes in an ice bath. Then cells were gently washed with chilled PBS and placed on ice for a 20-min recovery. Room temperature PBS was added for 2 min. This step was repeated with PBS at 37°C. Original cell media were then added back to the cells for 30min before used for experiments. FRET analysis by acceptor photobleaching in fixed cells. FRET analysis by acceptor photobleaching was performed as described previously (23) . Briefly, Src-ECFP and EYFPrat α1 plasmids were cotransfected into LLC-PK1 cells. After 24 h, cells grown on glass coverslips were exposed to peptides for 1 h. After washing with PBS solution, cells were fixed with ice-cold methanol for 15 min at -20°C. The mounted coverslips were then used for FRET measurement with the Leica DMIRE2 confocal microscope (Wetzlar, Germany). The cells that expressed both Src-ECFP and EYFPrat α1 were chosen to perform the FRET analysis. A membrane region of interest (ROI 1) containing the EYFP-α1 was photobleached by applying full power of 515 nm laser, and the emission of CFP excited by 456 nm laser was recorded before (D pre ) and after (D post ) YFP photobleaching. Meanwhile, the emission of YFP was recorded before (A pre ) and after (A post ) photobleaching. The FRET efficiency was then calculated by the Ep value, corrected ratio of (D post -D pre )/D pre in the photobleached region comparing it to the nonbleached region (ROI 2) in the same experiment. Cellular distribution analysis of YFP-ND1 and NaKtides in live cells. LLC-PK1 cells were cultured on coverslips and then transiently transfected with pEYPF-ND1 plasmid. After 24 h, the cells were fixed for 15 min with ice-cold methanol, washed with PBS for three times and then blocked with Signal Enhancer (Invitrogen). The cells were then incubated with a mouse antiNa/K-ATPase α1 monoclonal antibody (Upstate) in PBS containing 1% bovine serum albumin for 1 h at room temperature. After three washes with PBS, cells were exposed to AlexaFluor 555-conjugated anti-mouse secondary antibody for 1 h at room temperature, washed and mounted onto slides. Image visualization was performed using a Leica DMIRE2 confocal microscope. To assess cellular distribution of NaKtides, the LLC-PK1 cells and cardiac myocytes were exposed to 1 μM FITC-tagged NaKtides, washed twice with PBS, and imaged by monitoring FITC fluorescence using a Leica DMIRE2 confocal microscope. Measurement of hypertrophic growth in cultured cardiac myocytes. Cultured neonatal cardiac myocytes were exposed to ouabain with or without preincubation with pNaKtide for 60 min. After 48 h, cells were trypsinized and cell number and volume were measured with a Z2 Coulter Counter (Beckman Coulter, Fullerton, CA). Analysis of data. Data are given as the mean ± SE. Statistical analysis was performed using the Student's t test, and significance was accepted at p < 0.05.
RESULTS

Identification of ND1 as a Src-interacting domain from the Na/K-ATPase a1 subunit:
We have shown that the CD3 of the α1 subunit interacts with and inhibits Src (23) . As depicted in Fig. 1A , the Na/K-ATPase CD3 consists of both P and N domains. The 3D structure of Na/K-ATPase indicates that the N domain is exposed whereas the P domain is relatively close to the membrane (4). As Src is a cytosolic protein, it is therefore likely that the N domain interacts with the Src kinase domain. To test this hypothesis, we constructed GST-ND and tested whether it binds to purified His-Src. GST-CD3 was used as a positive control whereas purified GST served as a negative control. Pull-down analyses confirmed that the N domain of α1 subunit interacted with Src ( Fig. 1B & 1C) . As depicted in Fig. 1A , the N domain contains over 200 amino acid residues. To further map the binding motif in the N domain, we constructed ND2 and ND2 remaining (ND2R) GST fusion proteins as illustrated in Fig. 1A and tested whether the interaction occurs outside the ATP binding pocket (ND2R). The GST pull-down assay showed that Src primarily interacted with GST-ND2, while a minor trace of Src was detected in GST-ND2R beads (Fig. 1D & 1E) .
Further structural analysis of the ND2 reveals that the N-terminus of ND2 is highly exposed and do not contribute to ATP binding (30, 31) . Moreover, the corresponding domain in SR Ca 2+ -ATPase is known to bind phospholamban (32) . Therefore, we tested whether the Nterminus of ND interacts with Src. As illustrated in Fig. 1A , we constructed two more GST-fusion proteins (ND1 and ND1R), and assessed their binding to Src using GST pull-down assay. As depicted in Fig. 1E , we observed that the ND1, but not the ND1R, interacted with Src. Moreover, when the binding activities of GST-ND1 and GST-ND were compared in the same assay, we found that both pulled down comparable amount of His-Src (data not shown).
ND1 as a potent Src inhibitor can target the Na/K-ATPase/Src complex in cultured cells:
To test whether ND1 inhibits Src as did the CD3, we incubated Src with 100 ng of soluble GST fusion proteins in the test tube and measured Src pY418 levels by Western blot. GST-CD3 was used in the experiment as a positive control and GST-ND was also tested. As depicted in Fig.  2A , both GST-ND1 and GST-ND were as effective as the positive control in inhibiting Src activity. Moreover, the inhibitory effect of ND1 on Src was dose-dependent (IC 50 =50 nM) (Fig.  2B) . To further test whether ND1 could be used to inhibit Src in live cells, we measured Src pY418 level in LLC-PK1 cells transfected with different YFP expression vectors. We found that expression of YFP-ND1, like YFP-ND and YFP-CD3, reduced Src activity when compared with that of YFP-transfected cells (Fig. 2C) .
The above studies demonstrate the effectiveness of ND1 as a Src inhibitor in cultured cells. To further test whether ND1 can target the plasma membrane Na/K-ATPase/Src complex, we performed the following three sets of experiments. First, as depicted in Fig. 3A , we observed that YFP-ND1 was expressed as a soluble protein. However, we did detect a pool of YFP-ND1 co-localizing with Na/K-ATPase α1 in the plasma membrane. Second, to test whether this pool of YFP-ND1 has the potential to interact with Src, we co-transfected LLC-PK1 cells with YFP-ND1 and Src-CFP, and then performed FRET analysis using acceptor photobleaching protocols (23) . The data show an energy transfer from Src-CFP to YFP-ND1, resulting in a significant FRET (13.4±2.4%, n=6). These findings indicate that YFP-ND1 and the plasma membrane Src-CFP are in close proximity, suggesting a direct interaction between these two proteins. Finally, when cell lysates were immunoprecipitated by an anti-α1 antibody, we found that YFP-ND1 was coprecipitated (Fig. 3B) . Thus, we concluded that YFP-ND1 is most likely capable of interacting with the Na/K-ATPase-associated Src.
Development of NaKtide as a specific Src inhibitor:
Because the above data suggest that ND1 binds and inhibits Src, we synthesized four 20 mer peptides that cover the entire ND1 domain to identify those which were capable of inhibiting Src (Fig. 4A) . Based on the crystal structure of the Na/K-ATPase (4), peptide 1 and 2 are un-structured whereas peptide 3 and 4 may form an α-helix. As depicted in Fig. 4B, 1 μM peptide 3 caused almost a 100% inhibition of Src while peptide 4 produced a partial inhibition. On the other hand, both peptides 1 and 2 showed no effect. When the dose-response curve was constructed, we observed that peptide 3 was quite potent in inhibiting Src with an IC 50 of about 70 nM (Fig. 4C) , comparable to that of GST-ND1. As expected, peptide 1 had no effect. Since peptide 3 is derived from the Na/KATPase, we named it NaKtide. Because peptide 1 has no effect on Src, it was used as a control. Thus, we named it C1.
To probe whether NaKtide is relatively specific to Src, we measured its dose-dependent effect on another Src family kinase member, Lyn. As shown in Fig. 4D , NaKtide produced a dose-dependent inhibition of Lyn. However, the IC 50 was about 2.5 μM, approximately 40 times higher than that for Src inhibition.
To test whether NaKtide affects serine/threonine kinases, we incubated a PKC family kinase cocktail containing primarily PKC α and β isoforms with NaKtide and C1, and then measured the kinase activity. As shown in Fig.  4E , unlike staurosporine (a non-specific PKC family kinase inhibitor), NaKtide as well as C1 showed no effect at concentrations up to 10 μM.
To verify that NaKtide does not act as an ATP analog as a generic Src inhibitor PP2, we measured its effect on Src in the presence of different concentrations of ATP. We found that changes in ATP concentration from 0.1 to 2 mM did not affect NaKtide-induced Src inhibition (data not shown).
Development of a cell-permeable NaKtide as a ouabain antagonist:
Recent studies have demonstrated that the coupling of biological molecules to a number of positively charged cell-penetrating peptides (CPPs) can facilitate their uptake into cultured mammalian cells as well as animal tissues (33, 34) . Accordingly, we synthesized HIV-Tat-NaKtide (pNaKtide) (see Fig 5A) . HIV-Tat-C1 (pC1) was also synthesized and used as a control. To compare, we also synthesized penetratin-NaKtide (APNaKtide). In vitro kinase assays showed that pNaKtide was a highly potent Src inhibitor while the control pC1 was inactive (Fig. 5B) . Interestingly, addition of HIV-Tat actually increased the potency of NaKtide in this in vitro assay. Specifically, the IC 50 was decreased from 70 nM to about 4 nM. This was also true when AP-NaKtide was assessed (data not shown).
To assess the permeability of pNaKtide and AP-NaKtide, we labeled peptides with FITC. As depicted in Fig. 5C , confocal imaging analysis of live cells indicated that pNaKtide was cellpermeable. Maximal loading was achieved after 30 to 60 min of incubation, and labeled pNaKtide could be seen in virtually every LLC-PK1 cell examined. Moreover, unlike YFP-ND1, a large portion of pNaKtide resided in the plasma membrane (left panel in Fig. 5C ). On the other hand, when the same experiments were conducted to assess AP-NaKtide, we found that most of AP-NaKtide was in intracellular vesicles. Unlike pNaKtide, very few of the labeled AP-NaKtide molecules were detected in the plasma membrane (right panel in Fig. 5C ). Thus, different permeability tags are likely to affect the destination of the NaKtide-fusion molecule within the cell.
We have demonstrated that the Na/KATPase and Src interact in the plasma membrane to form a functional receptor. Binding of ouabain to this receptor complex changes the conformation of Na/K-ATPase, resulting in a release and activation of the associated Src (23). Thus, pNaKtide, binding to Src from the cytosolic side, could function as an effective ouabain antagonist by blocking the formation of Na/K-ATPase/Src complex or by inhibiting ouabain-induced activation of Src. To test this postulate, we first performed FRET analysis to determine the effect of pNaKtide on the formation of Na/K-ATPase/Src receptor complex in the plasma membrane. LLC-PK1 cells were co-transfected with YFP-α1 and Src-CFP, and then exposed to different concentrations of pNaKtide. We focused on pNaKtide because this conjugate resided mainly in the plasma membrane where the receptor Na/K-ATPase/Src resides. As depicted in Fig.  6A , both YFP-α1 and Src-CFP were targeted to the plasma membrane. Moreover, a significant FRET was detected in control LLC-PK1 cells as we previously reported (23) . Addition of pNaKtide produced a dose-dependent reduction in overall FRET efficiency (Fig. 6B) as well as the percentage of cells that exhibited detectable FRET (Fig. 6C) , indicating that pNaKtide is effective as YFP-ND1 in interacting with the plasma membrane pool of Src, thus blocking the formation of a stable Na/K-ATPase/Src complex.
It is important to note that although the IC 50 of pNaKtide as a Src inhibitor is about 4 nM when assayed in the test tube, the IC 50 for blocking the formation of Na/K-ATPase/Src complex is about 1 μM. This decrease in potency may be because of its limited cell permeability and accessibility to the plasma membrane Src. Thus, 1 μM pNaKtide was used in the following four sets of experiments to test its effectiveness and specificity as a ouabain antagonist.
First, to assess whether pNaKtide acts as a non-specific Src inhibitor, we exposed LLC-PK1 and the Na/K-ATPase-knockdown TCN23-19 cells to 1 μM pC1 or pNaKtide for different times. Cell lysates were then subjected to Western analysis of active Src and ERK1/2 (ERK1, upper band; ERK2, lower band in Fig 7  and 8) . We showed that about 25% of cellular Src interacts with the Na/K-ATPase in LLC-PK1 cells (23) . TCN23-19 cells were derived from LLC-PK1 cells (24) . Knockdown of the Na/KATPase in these cells reduces the pool of Srcinteracting Na/K-ATPase and thus increases the basal Src and ERK1/2 activity (24). As depicted in Fig. 7A and Table I , pNaKtide inhibited 10% of basal Src activity in LLC-PK1 cells. However, this inhibition was not statistically significant (p=0.07). On the other hand, it caused a significant inhibition (over 20%) of basal ERK1/2. This is not surprising because ERK1/2 is a down-stream effector of Src. Interestingly, the effects of pNaKtide on Src and ERK1/2 in TCN23-19 cells were much more than that seen in LLC-PK1 cells (Fig. 7A) . Thus, we suggest that pNaKtide may selectively target the Na/KATPase-interacting pool of Src.
To verify that the effect of pNaKtide on ERK1/2 is due to its inhibition of Src, we repeated the above experiments in SYF + Src by guest on July 16, 2017 http://www.jbc.org/ Downloaded from and SYF cells. As shown in Fig. 7B , pNaKtide had no effect on ERK1/2 in SYF cells where Src family kinases (Src, Yes, and Fyn) were knocked out. However, pNaKtide reduced ERK1/2 activity in Src-rescued SYF cells (SYF + Src).
To test whether the plasma membrane residence makes pNaKtide a relative specific inhibitor of the Na/K-ATPase-associated Src pool, we loaded LLC-PK1 cells with NaKtide in the presence of saponin. As shown in Table I , NaKtide, like expression of YFP-ND1, caused a 60% inhibition of basal Src activity when loaded by saponin. Interestingly, when the effect of AP-NaKtide on basal Src was measured, like pNaKtide, it barely affected the basal Src activity in LLC-PK1 cells.
Second, we measured the effect of pNaKtide on ouabain-induced activation of ERK in LLC-PK1 cells. As expected, we found that 1 μM pNaKtide completely abolished ouabain-induced ERK1/2 activation in LLC-PK1 cells (Fig. 8A) . To be sure that this is not a cell-specific effect, we repeated the same experiments in primary cultures of cardiac myocytes. As shown in Fig.  8B , ouabain-induced activation of Src and ERK1/2 was also blocked by pNaKtide.
Third, we compared pNaKtide and PP2, a generic Src inhibitor. As shown in Table I , both pNaKtide and PP2 have a similar IC 50 on Src kinase. However, PP2 produced more inhibition on basal Src activity than that of pNaKtide in both LLC-PK1 and cardiac myocytes (Table I) . Moreover, when cardiac myocytes were stimulated by IGF, PP2, but not pNaKtide, caused a significant inhibition of ERK activation (Fig. 8C) .
Finally, we assessed the effect of pNaKtide on ouabain-induced hypertrophy of neonatal cardiac myocytes. The primary cultures of cardiac myocytes were first exposed to pNaKtide for 1 h, and then treated with 100 μM ouabain for 48 h. As expected, pNaKtide blocked ouabain-induced cell volume increase in a dose-dependent manner (Fig. 9) . Furthermore, ouabain-induced hypertrophy was completely abolished by pNaKtide at the dose of 2μM.
DISCUSSION
In this report, we have identified the specific sub-structure of the Na/K-ATPase α1 subunit that interacts and inhibits Src. Based on these data, we have further engineered a novel peptide Src inhibitor that can target the Na/KATPase/Src receptor complex and thus function as an effective ouabain antagonist in cultured cells. These and other important issues are further discussed in the following paragraphs.
Identification of NaKtide as a new class of Src inhibitor:
The CD3 of Na/K-ATPase α1 subunit consists of both N and P domains. We showed that CD3 binds the Src kinase domain and inhibits Src kinase activity in vitro (23) . Based on the newly published crystal structure of Na/K-ATPase, the N domain is exposed, whereas the P domain is relatively close to the membrane (4). Consistently, we found that the N domain binds and inhibits Src. Interestingly, it is known that the less structured N-terminus of SR Ca 2+ -ATPase N domain interacts with phospholamban (32) . Similarly, we have demonstrated that the ND1 (Fig. 2) , the first 50 amino acid residues of the α1 N domain, inhibits Src. However, further mapping analyses reveal that the corresponding phospholamban-binding domain in ND1 (peptide 2, see Fig 4A) actually had no effect on Src kinase activity. Instead, peptide 3 and 4 showed strong inhibitory effect on Src. Based on the crystal structure as well as NMR data (4, 30) , both peptides possess a helix structure, suggesting that helix/helix interaction between the ND1 and the Src kinase may be responsible for the Na/K-ATPase-induced Src inhibition. Literature review reveals that several endogenous proteins interact and inhibit Src. Noteworthy are RACK1 and Wiscott-Aldrich syndrome protein. While RACK1 inhibits Src via its interaction with the SH2 domain (35) , WASP does so by binding to the Src kinase domain (18) . However, no detailed structural information is available for further comparison.
Like inhibitors of other tyrosine kinases, most Src inhibitors are ATP mimetics (36) . When the ATP dependence was assessed, we found that changes in ATP concentration did not affected NaKtide-induced Src inhibition. Moreover, it is unlikely that NaKtide acts as a substrate Src inhibitor (37) since the peptide does not contain Tyr residue. Thus, NaKtide represents a novel class of Src inhibitor. As a Src inhibitor, both ND1 and NaKtide are potent ( Fig.  2 and 4B, 4C) . The IC 50 is close to 50 nM, comparable to most of reported Src inhibitors. Finally, when the effects of NaKtide on other kinases were assessed, we found that NaKtide appears to be relatively specific to Src (Fig. 4D) . It showed no effect on PKC family of kinases (Fig. 4E) . Its effect on ERK1/2 depends on the expression of Src (Fig. 7B) , indicating that it is not an ERK inhibitor but can affect ERK signaling by inhibiting Src. This is consistent with the fact that ERK1/2 are well-known effectors of Src kinase.
Development of pNaKtide as a specific ouabain antagonist: Transient transfection assays indicate that YFP-ND1 resided as a soluble protein and inhibited basal Src as effective as PP2 (Fig 3A. and Table I ). Moreover, a small fraction of YFP-ND1 was detected in the plasma membrane. Both FRET and immunoprecipitation assays showed that this plasma membrane-targeted YFP-ND1 disrupted the interaction between the Na/K-ATPase and Src (Fig. 3B) . Taken together, these findings suggest that ND1 and its derivative NaKtide may be used as an effective Src inhibitor or a relatively specific ouabain antagonist depending on its cellular distribution. This postulation is supported by the following experimental evidence. First, we found that loading NaKtide by saponin into LLC-PK1 cells caused about 60% inhibition of basal Src activity as did by PP2 or expression of YFP-ND1. Second, we demonstrated that tagging a positively charged leader peptide such as HIV-Tat to NaKtide made it readily cell permeable. Moreover, confocal imaging analyses showed that a majority of pNaKtide resided in the plasma membrane and had much less effect on basal Src activity in both LLC-PK1 and cardiac myocytes (data not shown). Interestingly, when pNaKtide was applied to TCN23-19 cells where the pool of Src-interacting Na/K-ATPase is depleted, in contrast to that in LLC-PK1 cells, pNaKtide caused about 50% inhibition of cellular Src activity. These findings suggest that the plasma membrane-targeted pNaKtide may have a relatively specific effect on the Na/K-ATPaseinteracting pool of Src. Third, we observed that pNaKtide was very effective in blocking the formation of Na/K-ATPase/Src receptor complex (Fig. 6) . In accordance, ouabaininduced activation of ERK1/2 in LLC-PK1 cells was completely abolished by 1 μM pNaKtide (Fig. 8A) . Moreover, pNaKtide was effective in inhibiting ouabain-induced activation of ERK1/2 (Fig. 8B) and hypertrophy in cardiac myocytes (Fig. 9) . Finally, the specificity of pNaKtide toward the Na/K-ATPase/Src complex was further demonstrated by experiments showing that PP2, but not pNaKtide, caused a significant inhibition of IGF-induced ERK1/2 activation (Fig. 8C) .
Limitations: Needless to say, several important issues remain to be resolved. First, we have not identified key amino acid residues in NaKtide that bind and inhibit Src and do not know where in the kinase domain NaKtide binds to and how the binding inhibits Src. Resolution of these issues will reveal the molecular mechanism of Na/K-ATPase-mediated Src regulation. Second, we found that AP-NaKtide resided mainly in intracellular vesicles. Like pNaKtide, it also had almost no effect on basal Src activity. Although it is unlikely, it will be of interest to test whether AP-NaKtide can block ouabain-induced ERK1/2 activation. Moreover, AP-NaKtide may have a relative specific effect on endocytosis, exocytosis or vesicle recycling since Src is known to play a role in these events. Finally, we have not assessed the ability of pNaKtide as a ouabain antagonist in intact animals or isolated organs.
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